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Gain control of the auditory system operates at multiple levels. Cholinergic medial olivocochlear (MOC) fibers originate in the brainstem
and make synaptic contacts at the base of the outer hair cells (OHCs), the final targets of several feedback loops from the periphery and
higher-processing centers. Efferent activation inhibits OHC active amplification within the mammalian cochlea, through the activation of
a calcium-permeable �9�10 ionotropic cholinergic nicotinic receptor (nAChR), functionally coupled to calcium activated SK2 potassium
channels. Correct operation of this feedback requires careful matching of acoustic input with the strength of cochlear inhibition (Galam-
bos, 1956; Wiederhold and Kiang, 1970; Gifford and Guinan, 1987), which is driven by the rate of MOC activity and short-term facilitation
at the MOC–OHC synapse (Ballestero et al., 2011; Katz and Elgoyhen, 2014). The present work shows (in mice of either sex) that a mutation
in the �9�10 nAChR with increased duration of channel gating (Taranda et al., 2009) greatly elongates hair cell-evoked IPSCs and Ca 2�

signals. Interestingly, MOC–OHC synapses of L9�T mice presented reduced quantum content and increased presynaptic facilitation.
These phenotypic changes lead to enhanced and sustained synaptic responses and OHC hyperpolarization upon high-frequency stimu-
lation of MOC terminals. At the cochlear physiology level these changes were matched by a longer time course of efferent MOC suppres-
sion. This indicates that the properties of the MOC–OHC synapse directly determine the efficacy of the MOC feedback to the cochlea being
a main player in the “gain control” of the auditory periphery.
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Significance Statement

Plasticity can involve reciprocal signaling across chemical synapses. An opportunity to study this phenomenon occurs in the
mammalian cochlea whose sensitivity is regulated by efferent olivocochlear neurons. These release acetylcholine to inhibit sen-
sory hair cells. A point mutation in the hair cell’s acetylcholine receptor that leads to increased gating of the receptor greatly
elongates IPSCs. Interestingly, efferent terminals from mutant mice present a reduced resting release probability. However, upon
high-frequency stimulation transmitter release facilitates strongly to produce stronger and far longer-lasting inhibition of co-
chlear function. Thus, central neuronal feedback on cochlear hair cells provides an opportunity to define plasticity mechanisms in
cholinergic synapses other than the highly studied neuromuscular junction.
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Introduction
Sensory systems have evolved to meet environmental demands,
combining high sensitivity with selectivity over a wide dynamic
range. For example, the mammalian auditory system has to dis-
criminate sounds whose intensity varies several orders of magni-
tude (Robinson and McAlpine, 2009; Hudspeth, 2014) and to
distinguish frequencies from 20 Hz to 20 kHz (in humans) with
high resolution (Hudspeth, 2014). These demands must be met
in a way that enables communication in the presence of back-
ground noise (Kawase et al., 1993; Guinan, 1996). The mamma-
lian auditory system accomplishes these tasks in part by an active
process within the inner ear, an amplifier that increases the gain
of acoustic inputs (Brownell et al., 1985; Dallos, 1992, 2008) and
by centrifugal efferent gain control of that process (Guinan, 1996;
Robinson and McAlpine, 2009). Outer hair cells (OHCs) are the
source of the active mechanism. They undergo voltage-depen-
dent changes in length and stiffness, a process known as electro-
motility (Brownell et al., 1985). This amplifies movement of the
basilar membrane, increasing the gain and tuning for acoustic
inputs (Ashmore, 1987; Dallos, 1992, 2008).

Centrifugal auditory gain control operates at multiple levels.
Descending direct or indirect pathways from all regions of the
auditory cortex to subcortical brain structures all the way to the
auditory periphery most likely come into play. Medial olivoco-
chlear fibers that originate in the ventromedial portion of the
superior olivary complex are the final targets of several feedback
loops from both the periphery (Guinan, 1996) and higher-
processing centers (Suga et al., 2000). They make direct synaptic
contacts at the base of the OHCs and inhibit electromotility. This
is mediated by acetylcholine (ACh), through the activation of
calcium-permeable �9�10 ionotropic cholinergic nicotinic re-
ceptors (nAChRs) present at the basal pole of OHCs (Elgoyhen et
al., 1994, 2001), functionally coupled to calcium-activated SK2
potassium channels (Housley and Ashmore, 1991; Fuchs and
Murrow, 1992; Blanchet et al., 1996; Dulon et al., 1998; Oliver et
al., 2000). The strength of cochlear inhibition is proportional to
the rate of MOC activity (Galambos, 1956; Wiederhold and Ki-
ang, 1970; Gifford and Guinan, 1987). MOC efferents respond to
sound with sensitivity and tuning like that of type I cochlear
afferents (Robertson and Gummer, 1985; Liberman and Brown,
1986), so providing a feedback loop for cochlear gain control.
Recent work showed for the first time that short-term facilitation
at the MOC–OHC synapse constitutes a mechanism by which
OHCs encode MOC firing frequency to adjust the sensitivity of
the auditory periphery (Ballestero et al., 2011). Therefore,

changes in the synaptic properties of the efferent synapse should
be matched by changes in the efferent physiological response.

Genetically modified mice bearing a threonine for a leucine
substitution at position 9� of the second transmembrane domain
of the �9 nAChR subunit (Chrna9L9�T/ L9�T, L9�T knock-in) have
stronger MOC suppression (Taranda et al., 2009). The mecha-
nisms underlying these prolonged in vivo effects were left un-
known. The present study shows that the postsynaptic effect of
each ACh quantum was enhanced in the L9�T mice due to a
slower decay time of evoked postsynaptic currents and an in-
crease in the total charge accumulated in the hair cell upon each
release event. In addition, evoked synaptic responses occurred
with lower probability and presented more facilitation, building
up and decaying over a longer time course. Together, these pre-
synaptic and postsynaptic effects lead to enhanced and prolonged
synaptic responses and OHC hyperpolarization upon high-
frequency stimulation of MOC terminals in L9�T mice. Notice-
ably, these synaptic changes correlated with the in vivo longer
time course of efferent MOC suppression. This indicates that the
dynamics of the MOC–OHC synapse determines the efficacy of
the response to high-frequency MOC stimulation and is a key
player in the “gain control” of the auditory periphery.

Materials and Methods
All experimental protocols were performed in accordance with American
Veterinary Medical Association’s AVMA Guidelines on Euthanasia
(2013) and approved by the IACUC at INGEBI. L9�T knock-in mice were
backcrossed with congenic FVB.129P2-Pde6bþ Tyrc-ch/AntJ stock for 17
generations (i.e., N-17).

Isolation of the organ of Corti. Procedures for preparing and recording
from the mouse organ of Corti were essentially identical to those pub-
lished previously (Glowatzki and Fuchs, 2000; Ballestero et al., 2011;
Wedemeyer et al., 2013). Briefly, apical turns of the organ of Corti were
excised from homozygous L9�T knock-in mice (Taranda et al., 2009) and
their wild-type (wt) littermates, placed in the chamber for electrophysi-
ological recordings mounted on the stage of a Zeiss Axioskop or Leica
LFS microscope and viewed with differential interference contrast (DIC)
using a 40� water-immersion objective and a camera with contrast en-
hancement (Dage-MTI, or Hamamatsu C275410, Hamamatsu Photon-
ics). Mice of either sex were used between postnatal day (P)9 (day of birth
was considered P0) and P11 for inner hair cell (IHC), and P11–P13 for
OHC recordings. The preparations were used within 3 h.

Electrophysiological recordings. IHCs were identified visually by their
characteristic shape and by the size of their capacitance (7–12 pF),
whereas OHCs were identified by their shape and their three-row ar-
rangement. The cochlear preparation was continuously superfused by
means of a peristaltic pump (Gilson Minipulse 3, with 8 channels, Bioe-
sanco) containing an extracellular saline solution of an ionic composi-
tion similar to that of the perilymph (in mM): 155 NaCl, 5.8 KCl, 1.3
CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 D-glucose, and 10 HEPES buffer; pH
7.4, 295–300 mOsm. The pipette solution contained the following (in
mM): 140 KCl, 3.5 MgCl2, 0.1 CaCl2, 5 mM EGTA, 5 HEPES buffer, 2.5
Na2ATP; pH 7.2, 280 –283 mOsm. When performing experiments in the
absence of SK2 channel activation, EGTA in the pipette solution was
replaced by 5 mM of the fast calcium chelator 1,2-bis(2-aminophenoxy)
ethane- N, N,N�,N�tetra-acetic acid (BAPTA) to preclude the activation
of SK2 currents by Ca 2�. Some cells were removed to access the IHCs,
but mostly the pipette moved through the tissue using positive fluid flow
to clear the tip. Currents in IHCs and OHCs were recorded in the whole-
cell patch-clamp mode at holding potentials of �90 mV (IHCs) or �40
mV (OHCs) using an Axopatch 200B amplifier (Molecular Devices),
low-pass filtered at 2–10 kHz and digitized at 5–20 kHz with a Digidata
1322A board (Molecular Devices). Recordings were made at room tem-
perature (22–25°C). Borosilicate glass pipettes (World Precision Instru-
ments) had resistances of 6 – 8 M�. Indicated holding potentials were not
corrected for liquid junction potentials (�4 mV).
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Electrical stimulation of MOC efferent axons. Neurotransmitter release
was evoked by electrical stimulation of the MOC efferent axons as previ-
ously described (Goutman et al., 2005; Ballestero et al., 2011). Briefly, the
electrical stimulus for IHCs was delivered via a 20 – 80 �m diameter theta
glass pipette placed at 20 – 60 �m modiolar to the base of the IHC under
study, while for OHCs the electrical stimulus was applied with a borosili-
cate glass pipette of 0.5–1 M� at the base of the IHC that was aligned with
the OHC under study. For optimal stimulation, some supporting cells
were removed by applying negative pressure. The position of the pipette
was adjusted until postsynaptic currents in the IHCs or OHCs were
consistently activated. An electrically isolated constant voltage source
(Grass model S48 stimulator coupled to a SIU5 isolation unit) was trig-
gered via the data acquisition computer to generate 100 –300 �A pulses
of 0.1–1 ms duration.

Estimation of the quantum content of transmitter release. To obtain the
quantum content of transmitter release (m), protocols of 100 stimuli
were applied at a frequency of 1 Hz. Under the assumption that evoked
synaptic events follow a Poisson distribution, m was calculated by the
“method of failures” [m � ln (N/N0), where N is the total number of
stimuli and N0 is the number of failures; Del Castillo and Katz, 1954].

Stimulation protocols. Train stimulation protocols composed of 10
pulses at frequencies ranging from 10 to 80 Hz, were repeated 30 times at
2 s-intervals. For every pulse, the current amplitude was computed as the
difference between the peak of the response and the baseline, which was
considered as the current value before the pulse. The probability of re-
lease (P) for each pulse was computed as the ratio between the number of
evoked IPSCs (eIPSCs) and the number of sweeps. The average ampli-
tude (A) was obtained by averaging the successful eIPSCs amplitudes
after each pulse. The average response (S) for each stimulus was com-
puted as the average of all recorded amplitudes, including failures of
response. To determine the extent of facilitation or depression during a
train, values for the parameters S, P, and A were normalized to their
values in the first pulse. For paired-pulse experiments, two consecutive
shocks with interstimulus intervals (ISIs) of 25 and 50 ms were applied
50 –100 times, and values for the parameters S, P, and A were normalized
to their values in the first pulse. To calculate the facilitation index (FI), S1
values were obtained by measuring the maximum current amplitude
reached after the end of the first stimulation artifact. S2 was obtained by
measuring the current amplitude after the second stimulation artifact,
with the same time interval used to measure S1 (even if this point is not
the maximum peak of the response after the second pulse). For long-
lasting trains, stimulation pulses at 80 Hz were applied once during 10 s.
For this protocol, accumulated current amplitudes were evaluated at
every second during the train. There were no significant changes either in
the profile of the responses or in the average amplitude of the first pulse
in each train upon application of successive trains. In experiments in
current-clamp mode, current injections of 30 –50 pA for 10 s were ap-
plied to induce repetitive firing of calcium action potentials in IHCs.
Synaptic current analysis was made off-line, with Clampfit 9.2 (Molecu-
lar Devices) and custom routines implemented in Igor Pro 6.37 (Wavem-
etrics, Igor Pro, RRID:SCR_000325) with a threshold of 4 –5 times the
RMS noise (7–12 pA). Rise (20 – 80%, �rise) and decay (10 –90%, �decay)
time constants were analyzed only in eIPSCs that were not compromised
in shape by the stimulus artifact or following events. The decay of eIPSCs
was fitted with a monoexponential function using Clampfit 9.2.

Ca2� imaging. Ca 2� imaging experiments were performed as previ-
ously reported (Moglie et al., 2018). The intracellular solution was made
from a 2� stock to reach a final concentration of the following (in mM):
140 KCl, 5 HEPES buffer, 2.5 Na2ATP, 5 phosphocreatine-Na2, 3.5
MgCl2, 0.5 EGTA, pH 7.2. The Ca 2� indicator Fluo-4 was added to reach
a final concentration of 0.4 mM. The cochlear preparation was placed in a
chamber on the stage of an upright microscope (Olympus BX51WI) and
illuminated with a blue LED system (Tolket). Cells were loaded with the
intracellular solution containing the Ca 2� indicator via the patch-
pipette. Image acquisition started 5 min after whole-cell break-in to en-
sure the proper dialysis of the cell content. Images were acquired using an
Andor iXon 885 camera controlled through a Till Photonics interface
system. The focal plane was located close to the basal pole of the IHC and
the image size was set to 100 � 100 pixels, which allowed an acquisition

rate of 140 frames/s. The signal-to-noise ratio was improved with a chip
binning of 4 � 4, giving a resolution of 0.533 �m per pixel using a 60�
water-immersion objective. Simultaneously, electrophysiological re-
cordings were performed using a MultiClamp 700B amplifier (Molecular
Devices) and digitized at 50 kHz via a National Instruments board. Data
were acquired using WinWCP (RRID:SCR_014713). Images were ana-
lyzed with custom-written routines in IgorPro 6.37 (Wavemetrics; RRID:
SCR_000325). Briefly, a region-of-interest (ROI), comprising the highest
fluorescence region of the IHC, was defined and the average fluorescence
calculated for each time frame. Photobleaching was corrected by fitting a
line between prestimulus baseline and final fluorescence. Finally, the
fluorescence signal, computed as �F/F0, was normalized to its maximum
value.

Distortion product otoacoustic emissions. Six-week-old mice of either
sex were anesthetized with urethane (1.20 g/kg, i.p.) and xylazine (20
mg/kg, i.p.). Distortion product otoacoustic emissions (DPOAEs) at
2f1-f2 were recorded with a custom acoustic assembly consisting of two
electrostatic drivers (TDT EC-1, Tucker-Davis Technologies) to generate
primary tones ( f1 and f2 with f2/f1 � 1.2 and f2 level 10 dB 	 f1 level) and
a Knowles miniature microphone (EK3103) to record ear-canal sound
pressure. Stimuli were generated digitally, whereas resultant ear-canal
sound pressure was amplified and digitally sampled at 4 �s (16 bit DAQ
boards, NI 6052E, National Instruments). Fast Fourier Transforms were
computed and averaged over five consecutive waveform traces, and 2f1-f2
DPOAE amplitude and surrounding noise floor were extracted.

Medial olivocochlear assay. A posterior craniotomy and partial cerebel-
lar aspiration were performed to expose the floor of the IV th ventricle. To
stimulate the olivocochlear (OC) bundle, shocks (monophasic pulses,
150 �s duration, 200/s) were applied through fine silver wires (0.4 mm
spacing) placed along the midline, spanning the OC decussation. Shock
threshold for facial twitches was determined, muscle paralysis induced
with �-D-tubocurarine (1.25 mg/kg, i.p.), and the animal connected to a
respirator via a tracheal cannula. Shock levels were raised to 6 dB above
twitch threshold. During the OC suppression assay, f2 level was set to
produce a DPOAE 10 –15 dB 
 noise floor. To measure OC effects,
repeated measures of baseline DPOAE amplitude were first obtained
(n � 56), followed by a series of 70 contiguous periods in which DPOAE
amplitudes were measured with simultaneous shocks to the OC bundle
and additional periods during which DPOAE measures continued after
the termination of the shock train.

Drugs and reagents. All drugs and reagents were purchased from
Sigma-Aldrich with the exception of Fluo-4 which was purchased from
Invitrogen.

Statistics. All statistical tests were performed with GraphPad Prism 6
(RRID:SCR_002798). Before performing any analysis, data were tested
for normal distribution using the Shapiro–Wilk normality test, and para-
metric or nonparametric tests were applied accordingly. When the nor-
mality test could not be applied, data were assumed to be not normally
distributed. For statistical analyses with two datasets, two-tailed paired
and unpaired t tests or two-sided Wilcoxon rank sum and Kolmogorov–
Smirnov tests were used. For comparisons of more than two datasets,
Kruskal–Wallis one-way ANOVA followed by Dunn’s multiple-
comparison test, and two-way ANOVA repeated-measures followed by
Sidak’s multiple-comparison test were used. Values of p 	 0.05 were
considered significant. All data were expressed as mean � SEM, unless
otherwise stated. In all cases n indicates the number of cells tested, with
exception of Table 2, where n indicates the number of animals tested.

Results
Properties of synaptic transmission at MOC– hair cell
synapses in L9�T mice
In mammals, both the MOC–OHC and the transient MOC–IHC
synapses are mediated by ACh acting on the �9�10 nAChR func-
tionally coupled to the opening of Ca 2�-activated SK2 K� chan-
nels that hyperpolarize hair cells (Glowatzki and Fuchs, 2000;
Oliver et al., 2000; Elgoyhen et al., 2001; Katz et al., 2004; Wers-
inger et al., 2010; Fig. 1A). Figure 1B illustrates the responses
obtained in IHCs and OHCs from both genotypes (L9�T and wt)
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upon 1 Hz stimulation of the MOC efferent fibers. Representative
eIPSCs show that postsynaptic responses in both cell types from
L9�T mice present slower kinetics (�rise L9�T/wt IHCs �3-fold
increase; OHCs �6-fold increase; �decay L9�T/wt IHCs �4.5-fold
increase; OHCs �3-fold increase; Table 1) and smaller amplitude
(L9�T/wt IHCs 0.52; OHCs 0.52). The slower decay time leads to
a significantly prolonged duration of the eIPSC with the conse-
quent increase in the total charge (Q) accumulated in the hair cell
upon each release event (IHCs wt: 1.1 � 0.2 pC, n � 6, L9�T:
2.7 � 0.2 pC, n � 5, p � 0.016; OHCs wt: 2.3 � 0.32 pC, n � 12,
L9�T: 3.23 � 0.39 pC, n � 15, p � 0.046; Kolmogorov–Smirnov
test). A detailed quantification of these parameters is reported
in Table 1. The slower time course and smaller amplitude of
eIPSCs are in agreement with what was reported for spontane-
ous and K�-evoked IPSCs in L9�T IHCs and OHCs (Taranda et al.,
2009).

In addition, the quantum content of evoked release was found
to be significantly lower both at the L9�T MOC–IHC and the
MOC–OHC synapses (IHCs wt: 1.29 � 0.21, n � 6, L9�T: 0.83 �
0.12, n � 5, p � 0.041; OHCs wt: 0.23 � 0.04, n � 12, L9�T:
0.14 � 0.02, n � 15, p � 0.035; Kolmogorov–Smirnov test; Table
1). This reduction in quantum content shows that a point muta-
tion in the postsynaptic receptor not only modifies the kinetics of
postsynaptic responses but also alters the presynaptic terminal
with the consequent reduction in the number of quanta released
upon nerve stimulation.

Postsynaptic Ca 2� signals in response to MOC efferent fibers
stimulation are prolonged in L9�T mice
To study the Ca 2� dynamics in response to activation of the
�9�10 nAChR in both wt and L9�T mice, IHC electrical activity
was recorded while performing Ca 2� imaging experiments

(Fig. 2). The representative sequence of wide-field microscopy
images shown in Figure 2A indicates that, after efferent electrical
stimulation (10 pulses at 80 Hz), Ca 2� signals in IHCs from L9�T
mice returned to baseline long after the signal disappeared from
wt IHCs. Figure 2B illustrates representative synaptic responses
(top) and the concomitant changes in fluorescence (bottom)
upon MOC stimulation by 10-shock trains at 20 (left) and 80 Hz
(right) obtained in a wt (black) and L9�T (red) mice IHC. Quan-
tification of the half-width (H-W) and decay kinetics (20 – 80%
decay time of the peak response) of the Ca 2� transients obtained
during the stimulation protocols are plotted in Figure 2, C and D,
respectively (H-W wt: 0.45 � 0.12 s and L9�T: 1.08 � 0.03 s for 20
Hz, p � 0.0082; wt: 0.36 � 0.06 s and L9�T: 1.26 � 0.16 s for 80
Hz, p � 0.0012; �decay 20 – 80% wt: 1.07 � 0.20 s and L9�T: 2.56 �
0.34 s for 20 Hz, p � 0.026; wt: 0.97 � 0.18 s and L9�T: 2.76 �
0.40 s for 80 Hz, p � 0.0082; Kolmogorov–Smirnov test for all
datasets, n � 7 for wt and n � 6 for L9�T). These results show that
in agreement with the slower decay times of synaptic responses
obtained in IHCs from L9�T mice (Fig. 1B; Table 1), Ca 2� signals
obtained in IHCs from L9�T mice upon MOC stimulation are
wider and more prolonged than those obtained in cells from wt
mice.

Short-term synaptic plasticity of MOC–OHC synapses
Synapses with low-quantum content tend to facilitate upon high-
frequency stimulation (Zucker and Regehr, 2002; Fioravante and
Regehr, 2011; Jackman and Regehr, 2017). Previous work showed
that the probability of release is low upon 1 Hz stimulation at the
MOC–OHC synapse, but that presynaptic facilitation raises the
reliability of release at higher stimulation frequencies (Ballestero
et al., 2011).

Because the quantum content of MOC–OHC synapses from
L9�T mice was even lower than that of their wt littermates (Table
1), facilitation might be more prominent in this genotype. To
evaluate synaptic facilitation, paired-pulse protocols were ap-
plied at interstimuli intervals (ISIs) of 50 and 25 ms, correspond-
ing to frequencies of 20 and 40 Hz, respectively (Fig. 3A,B). The
lowest frequency (20 Hz), was chosen because MOC–OHCs from
wild-type mice do not facilitate (Ballestero et al., 2011). The 40
Hz frequency was selected to compare the degree of facilitation
between genotypes. Paired-pulse experiments at higher frequen-
cies cannot be confidently analyzed due to the slow kinetics of the
L9�T mice. The facilitation index (FIS) was defined as the ratio
between S2/S1, where S1 and S2 are the average responses to the

Figure 1. Characteristics of evoked synaptic currents in OHCs and IHCs from L9�T mice. A, Schematic representation of the cholinergic MOC– hair cell synapse. MOC efferent neurons located in the
superior olivary complex of the brainstem project to the cochlea, where they contact the OHCs in hearing mice. Since birth to hearing onset, MOC fibers also transiently innervate the IHCs. Upon nerve
stimulation, ACh released from MOC terminals activates the �9�10 nicotinic nAChR. This leads to Ca 2� influx and the subsequent activation of Ca 2�-dependent Ca 2�-activated SK2 channels.
B, Representative traces of eIPSCs in OHCs (left) and IHCs (right) from wt (black) and L9�T (red) mice in response to MOC stimulation at 1 Hz. Vhold was �40 mV for OHCs and �90 mV for IHCs.

Table 1. Evoked synaptic currents in IHCs and OHCs

IHCs OHCs

wt (n � 6) L9�T (n � 5) wt (n � 12) L9�T (n � 15)

Quantum content 1.29 � 0.21 0.83 � 0.12* 0.23 � 0.04 0.14 � 0.02*
Amplitude, pA 28.4 � 4.6 14.9 � 2.2* 42.3 � 4.3 21.9 � 2.8***
�rise, ms (20 – 80%) 5.3 � 0.6 16.3 � 2.2** 8.5 � 0.4 51.5 � 6.7***
�decay, ms (10 –90%) 63.6 � 9.7 290.4 � 62.3* 55.2 � 7.4 166.7 � 21.5**
H-W, ms 38.3 � 4.7 175.2 � 24.9* 48.5 � 2.7 150.3 � 18.8***
Q, pC 1.1 � 0.2 2.7 � 0.2* 2.3 � 0.32 3.23 � 0.39*

For IHCs, four and five different mice were used for each genotype, whereas for OHCs, 9 and 11 mice were used for
each genotype. *p 	 0.05, **p 	 0.01, ***p 	 0.001; two-tailed unpaired t test or Kolmogorov–Smirnov test.
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first and second pulse, respectively. FIS values 
1 indicate facili-
tation, whereas FIS values 	1, indicate depression (Del Castillo
and Katz, 1954; Katz and Miledi, 1968; Goutman et al., 2005;
Ballestero et al., 2011). At an ISI of 25 ms (Fig. 3A,B, right), FIS

were 
1 for MOC–OHC synapses from both wt and L9�T mice
(S2/S1 wt: 1.37 � 0.16, n � 6, p � 0.031 and L9�T: 3.47 � 0.44,

n � 8, p � 0.008; Wilcoxon rank sum test). Facilitation at this ISI
(25 ms) was significantly stronger in the L9�T animals (Fig. 3B).
At ISIs of 50 ms, only MOC–OHC synapses from L9�T animals
presented facilitation upon paired-pulse protocols (S2/S1 wt:
1.00 � 0.08, n � 4, p � 0.625 and L9�T: 2.87 � 0.58, n � 7, p �
0.016; Wilcoxon rank sum test).

Figure 2. Ca 2� signals in IHCs after MOC fiber activation exhibit slower kinetics in L9�T mice compared with wt mice. A, Sequence of wide-field microscopy images of IHCs from wt and L9�T mice
filled with Fluo-4 and illuminated with 488 nm LED light during efferent electrical stimulation. “Stim” indicates the time when a 10-shock train at 80 Hz was applied. Fluorescence signal was
normalized to its maximum value. B, Representative synaptic responses (top) and changes in fluorescence expressed as �F/F0 (bottom), obtained in a wt (black) and L9�T (red) mice IHC during
efferent fiber stimulation by 10-shock trains at 20 and 80 Hz. Fluorescence was measured in the region of the cell where the signal reached its maximum value. C, H-W of the Ca 2� transients obtained
during the stimulation protocols like those illustrated in B. D, Decay kinetics of Ca 2� transients computed as the decay time between 20 and 80% of the peak response. *p 	 0.05, **p 	 0.01,
Kolmogorov–Smirnov test; n � 7 for wt and n � 6 for L9�T.
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As described for most synapses (Fioravante and Regehr, 2011;
Jackman and Regehr, 2017), facilitation at MOC–OHC synapses
from wt mice upon paired-pulse stimulation is of presynaptic
origin and solely due to an increase in the number of quanta
released upon nerve stimulation (Ballestero et al., 2011). To eval-
uate the presynaptic origin of the observed facilitation, a facil-
itation index was calculated for both the amplitude of the
successfully evoked events (FIA � A2/A1) and the probability of
release (FIP � P2/P1). No significant effect was found for FIA (p 

0.05) for both wt and L9�T mice at either 50 or 25 ISIs (Fig. 3B).
However, changes in S2/S1 were matched by changes in P2/P1

both in the L9�T mice and their wt littermates. For ISIs of 50 ms:
P2/P1, wt: 0.93 � 0.21, n � 4, p � 0.75 and L9�T: 2.60 � 0.47, n �
7, p � 0.016; A2/A1, wt: 1.21 � 0.41, n � 4, p � 0.88 and L9�T:
1.09 � 0.10, n � 7, p � 0.52 (Wilcoxon rank sum test; Fig. 3B,
left). For ISIs of 25 ms: P2/P1, wt: 1.59 � 0.13, n � 6, p � 0.003
and L9�T: 3.25 � 0.56, n � 8, p � 0.016; A2/A1, wt: 0.94 � 0.07,
n � 6, p � 0.07 and L9�T: 1.08 � 0.08, n � 8, p � 0.89 (two-tailed
paired t test and Wilcoxon rank sum test, respectively; Fig. 3B,
right). These results suggest that the strong facilitation observed
at MOC–OHC synapses from L9�T mice is due to changes in the
probability of release.

Figure 3. Paired-pulse facilitation is enhanced at MOC–OHC synapses from L9�T mice. A, Representative traces of 10 individual responses from L9�T (red tones) and wt (black tones) MOC–OHC
synapses at ISIs of 50 ms (left) and 25 ms (right; corresponding to stimulation frequencies of 20 and 40 Hz, respectively). B, Bar graphs showing the ratio between the second and first pulse for the
total average response (S2/S1), the release probability (P2/P1) and the amplitude of the successfully evoked postsynaptic responses (A2/A1) for ISIs of 50 ms (left; wt n � 7 cells from 6 different mice
and L9�T n � 4 cells from 4 different mice) and 25 ms (right; wt n � 6 cells from 4 different mice and L9�T n � 8 cells from 8 different mice). S2/S1 is significantly 
1 at MOC–OHC synapses from
L9�T mice for both ISIs. At wt MOC–OHC synapses, S2/S1 is 
 1 only at ISIs of 25 ms. Note that the increase in S2/S1 is matched by an increase in P2/P1, whereas A2/A1 is � 1 for both genotypes at
the two ISIs tested. *p 	 0.05, **p 	 0.01, Kolmogorov–Smirnov test when comparing L9�T mice FI values to those of their wt littermates.
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In the previous experiments transmitter release was measured
at �40 mV, where the response is dominated by the secondary
activation of the SK2 channel following Ca 2� entry through the
�9�10 nAChR (Oliver et al., 2000; Ballestero et al., 2011) and
possibly by Ca 2� released from nearby subsynaptic cisterns (Li-
oudyno et al., 2004; Fuchs et al., 2014). Because in L9�T animals
Ca 2� dynamics after �9�10 nAChR activation is changed (Fig.
2), to further evaluate the presynaptic origin of facilitation, in
the following experiments nAChR currents were measured in
isolation from SK2 channels. Thus, the contribution of SK2
channels was minimized by using by BAPTA (5 mM) in the
recording pipette and voltage-clamping the OHCs at �82 mV
(Erev for K � in these recording conditions; see Materials and
Methods).

Figure 4A shows representative recordings of isolated nAChR
responses in the MOC–OHC synapse from L9�T mice obtained
upon paired-pulse protocols at ISIs of 50 and 25 ms, correspond-
ing to 20 and 40 Hz, respectively. Even though isolated nAChR
synaptic currents are very small and the recordings are somewhat
noisy, they can be clearly distinguished from noise and analyzed.
The bar graphs in Figure 4B show that MOC–OHC synapses
facilitated (FIS 
 1) at both 20 and 40 Hz (S2/S1 � 2.0 � 0.25 for
ISIs of 50 ms, n � 6, p � 0.031 and 2.38 � 0.46 for ISIs of 25 ms,

n � 8, p � 0.001; Wilcoxon rank sum test and two-tailed paired t
test, respectively). In addition, this facilitation was due to an in-
crement in the probability of release without any changes in the
amplitude of successfully evoked postsynaptic currents (P2/P1 �
2.15 � 0.28, p � 0.031; A2/A1 � 1.04 � 0.04, p � 0.84 for ISIs of
50 ms, and P2/P1 � 2.38 � 0.36, p � 0.0003; A2/A1 � 0.95 � 0.03,
p � 0.31 for ISIs of 25 ms; Wilcoxon rank sum test for P2/P1

datasets and two-tailed paired t test for A2/A1 datasets).
When comparing the results of paired-pulse experiments ob-

tained when synaptic currents were dominated by the secondary
activation of the SK2 channels (Fig. 3B), with those obtained with
the nAChR in isolation (Fig. 4B), no significant differences in the
degree of facilitation at either frequency were found (ISIs of 50
ms: EGTA S2/S1 � 2.73 � 0.62, BAPTA S2/S1 � 2.0 � 0.25, p �
0.43; ISIs of 25 ms: EGTA S2/S1 � 3.47 � 0.44, BAPTA S2/S1 �
2.38 � 0.46, p � 0.08; Kolmogorov–Smirnov test).

These results confirm that the increased facilitation at MOC–
OHC synapses from L9�T mice can be solely accounted for by
changes at the presynapse and supports the notion that the pres-
ence of the L9�T mutation in the �9 nAChR subunit somehow
alters the presynaptic machinery and/or the mechanisms in-
volved in ACh release.

Figure 4. Facilitation by paired-pulse stimuli at L9�T MOC–OHC synapses is observed even in the absence of SK2 activity. A, Representative individual traces of synaptic responses obtained at
MOC–OHC synapses from L9�T mice at ISIs of 50 and 25 ms (corresponding to frequencies of 20 and 40 Hz) in the presence of 5 mM BAPTA in the recording pipette and voltage-clamping the OHCs at
a Vhold of �82 mV. B, Bar graphs showing the ratio between the second and first pulse for the total average response (S2/S1), the release probability (P2/P1) and the amplitude of the successfully
evoked postsynaptic responses (A2/A1) for ISIs of 50 ms (left; n � 6 cells from 4 different mice) and 25 ms (right; n � 8 cells from 5 different mice) at MOC–OHC nAChR � SK (EGTA in the recording
pipette, Vhold � �40 mV; solid bars) and isolated nAChR (BAPTA in the recording pipette, Vhold � �82 mV; striped bars) synapses from L9�T mice.
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Synaptic currents evoked at
MOC–OHC synapses from L9�T mice at
physiological MOC firing frequencies
In vivo MOC fibers fire regularly at fre-
quencies that range from 1 to 120 Hz
(Robertson and Gummer, 1985; Liber-
man and Brown, 1986; Brown, 1989) and
cochlear inhibition increases with the fre-
quency of MOC fiber activation (Galam-
bos, 1956; Wiederhold and Kiang, 1970;
Gifford and Guinan, 1987). In addition,
the combined effect of presynaptic facili-
tation and postsynaptic summation of
IPSCs results in a frequency-dependent
increment in the amplitude of IPSCs in
OHCs, thus scaling inhibition to the fre-
quency of MOC activity (Ballestero et al.,
2011).

The postsynaptic effect of repetitive ef-
ferent activity in L9�T mice was evoked by
trains of 10 shocks at frequencies ranging
from 10 to 80 Hz (corresponding to ISIs of
100 –12.5 ms). Representative responses
of OHCs to these trains are illustrated in
Figure 5A. Averaged representative traces
at 10, 20, 40, and 80 Hz, show that synap-
tic responses at MOC–OHC synapses
from L9�T mice remained strongly poten-
tiated after the end of the 10 stimulation
shocks. As illustrated in the bar graph of
Figure 5B, the total charge accumulated in
the OHC during this protocol, measured
at the end of the recording period, was
significantly larger in the L9�T mice than
in wt at all frequencies tested (10 Hz, p �
0.024; 20 Hz, p � 0.019; 40 Hz, p � 0.024;
80 Hz, p � 0.048; Kolmogorov–Smirnov
test). Another salient feature of L9�T
MOC–OHC synapses was that the accu-
mulated charge reached 50% of its max-
imum value with a significant delay
compared with those of wt mice at all
tested frequencies (Fig. 5C): 10 Hz, wt:
0.69 � 0.09 s, n � 3; L9�T: 0.85 � 0.02,
n � 7, �t � 160 ms, p � 0.017; 20 Hz, wt:
0.40 � 0.02 s, n � 6, L9�T: 0.58 � 0.01 s,
n � 10, �t � 180 ms, p � 0.0002; 40 Hz,
wt: 0.26 � 0.03 s, n � 4, L9�T: 0.48 �
0.07 s, n � 7, �t � 220 ms, p � 0.006; 80
Hz, wt: 0.17 � 0.01 s, n � 5, L9�T: 0.40 �
0.02 s, n � 11, �t � 230 ms, p � 0.0005
(Kolmogorov–Smirnov test for all data-

Figure 5. Synaptic responses and total charge in OHCs from wt and L9�T mice upon stimulating the MOC fibers at different
frequencies. A, Representative averaged traces of 30 individual synaptic responses in OHCs from both wt (black) and L9�T (red)
mice upon a 10-pulse stimulation to the MOC fibers at frequencies of 10, 20, 40, and 80 Hz. Dotted lines indicate the beginning and
the end of the stimulation period. Below every pair of traces, the cumulative charge (in pC) during the complete protocol is plotted
as a function of time. Note that the total charge is larger and the time required to reach the maximum charge is longer in L9�T
synapses compared with wt ones. B, The bar diagram shows the total charge ( Q) computed at the end of the protocol for both
genotypes (10 Hz, wt: 4.85 � 2.42 pC, n � 3 cells from 3 different mice, L9�T: 16.84 � 1.4,1 pC, n � 7 cells from 7 different mice;
20 Hz, wt: 5.91 � 1.66 pC, n � 6 cells from 4 different mice, L9�T: 13.69 � 1.87 pC, n � 10 cells from 7 different mice; 40 Hz, wt:

4

3.71 � 1.1 pC, n � 4 cells from 4 different mice, L9�T:
11.77 � 1.77 pC, n � 7 cells from 6 different mice; 80 Hz, wt:
10.34�2.33, n�5 cells from 5 different mice, L9�T: 17.59�
3.86 n � 11 cells from 6 different mice; p 	 0.05 for all fre-
quencies tested, Kolmogorov–Smirnov test). C, The bar dia-
gram shows the time at which the accumulated charge
reaches 50% of its maximum value in both genotypes at fre-
quencies of 10, 20, 40, and 80 Hz (*p 	 0.05, **p 	 0.01,
***p 	 0.001, Kolmogorov–Smirnov test for all datasets).
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sets). Taking into account that synaptic
currents in L9�T mice are significantly
prolonged (Fig. 1B; Table 1) and that both
presynaptic facilitation and postsynaptic
summation of IPSCs result in a frequ-
ency-dependent increment in the ampli-
tude of IPSCs in OHCs (Ballestero et al.,
2011), the enhanced sustained potentia-
tion observed in the L9�T mice, even at the
lowest frequencies tested (10 and 20 Hz),
is likely due to a higher contribution of
IPSCs summation at the postsynapse in
addition to facilitation due to a higher
probability of release during the stimula-
tion trains.

Facilitation during repetitive stimula-
tion was assessed by measuring the prob-
ability of release (P) and the average
amplitude of the successfully evoked re-
sponses (A) for each successive stimulus
(Fig. 6A). The total averaged response (S)
is the product of P � A along the 10-shock
stimulation train. These parameters were
only analyzed for the 10 and 20 Hz stimu-
lation trains. Trains at higher frequencies
were difficult to analyze in the L9�T ani-
mals due to the very slow kinetics of the
evoked IPSCs (Fig. 1; Table 1). The initial
probability of release was computed for
each genotype and, in agreement with the
quantum content values (Table 1), it was
significantly higher in MOC–OHC syn-
apses from wt animals than in those from
the L9�T ones (0.16 � 0.02, n � 43 for wt
mice and 0.10 � 0.01, n � 43 for L9�T
mice, p � 0.02; two-tailed unpaired t test).

As illustrated in Figure 6A (left) and
quantified in the bar graph of Figure 6B
(left), there were no significant changes at
a stimulation frequency of 10 Hz both for
wt (n � 5) and L9�T (n � 7) mice when
comparing the 10th pulse with the first
one. Thus, the ratios S10/S1 (wt: 1.39 �
0.45, L9�T: 1.00 � 0.27, p � 0.434), P10/P1

(wt: 1.14 � 0.38, L9�T: 1.08 � 0.27, p �
0.939), and A10/A1 (wt: 1.3 � 0.31, L9�T:
0.91 � 0.1, p � 0.891) did not differ be-
tween genotypes (Kolmogorov–Smirnov
test for all datasets). When applying the 20
Hz stimulation trains, evoked responses
in the OHCs from wt mice did not differ
in either the total averaged response,
probability of release or amplitude of suc-
cessful responses along the train (Fig.
6A,B, right). However, at MOC–OHC
synapses from L9�T mice, both S and P
were significantly enhanced along the
train, whereas the mean eIPSC amplitude
(A) remained unchanged. Thus, the ratios
S10/S1 (wt: 0.92 � 0.21, L9�T � 5.54 �
1.13) and P10/P1 (wt: 0.95 � 0.13, L9�T:
5.77 � 1.56) were significantly different
between wt and L9�T mice (n � 4 and n �

Figure 6. MOC–OHC synapses from L9�T mice strongly facilitate upon stimulating the MOC fibers with 20 Hz trains.
A, The average response (S), the probability of release (P), and the eIPSCs average amplitude (A) were computed for every
pulse during 10 shock trains at frequencies of 10 (left) and 20 Hz (right). The normalized mean values for these parameters
at the two stimulation frequencies are plotted versus the pulse number. Interestingly, the 20 Hz stimulation train caused a
significant increase in the total average response (S) only in the L9�T mice. Note there is a significant increase in the
probability of release (P) during the train, whereas the eIPSCs amplitude remains stable. B, Bar graphs showing the ratio
between the tenth and the first pulse for the total average response (S10/S1), the release probability (P10/P1) and the
amplitude of the successfully evoked postsynaptic responses (A10/A1). 10 Hz: wt, n � 5 cells from five different mice, L9�T,
n � 7 cells from seven different mice; 20 Hz: wt, n � 4 cells from four different mice, L9�T n � 6 cells from five different
mice; **p 	 0.01, Kolmogorov–Smirnov test.
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6, respectively; p � 0.009 for both parameters; Kolmogorov–
Smirnov test), whereas A10/A1 remained unchanged (wt: 1.01 �
0.23, L9�T: 1.07 � 0.06, p � 0.92; Kolmogorov–Smirnov test). The
lack of facilitation observed at MOC–OHC synapses from wt
mice upon stimulating the MOC fibers with 10 and 20 Hz is in
agreement with the results obtained with the paired-pulse exper-
iments (Fig. 3).

High-frequency stimulation of MOC fibers evokes slow onset
and prolonged synaptic responses in MOC– hair cell synapses
from L9�T mice
Because in vivo MOC suppression experiments are usually per-
formed at high- and prolonged-stimulation frequencies (Taranda et
al., 2009), synaptic MOC–OHC responses upon electrical stimu-
lation of the MOC fibers at 80 Hz for 10 s was assessed (Fig. 7).
Longer-lasting stimulations and higher frequencies could not be
analyzed because recordings became very unstable. As illustrated
in Figure 7, A and B, synaptic responses at MOC–OHC synapses
from both genotypes were significantly potentiated upon high-
frequency 80 Hz 10 s stimulation. Significant differences between
genotypes were found in the amplitude of synaptic responses at 2,
3, 4, and 5 s after the start of efferent stimulation (two-way
ANOVA repeated measures; Fig. 7B). In OHCs from L9�T ani-
mals this enhancement took a longer time to reach its peak. Thus,
the latency to obtain a postsynaptic response, measured as the
time elapsed between the start of the stimulation protocol and the
first detectable current above baseline, was significantly longer
(wt: 0.031 � 0.002 s, n � 9 and L9�T: 0.069 � 0.007 s, n � 17; p �
0.005; Fig. 7C,D). Moreover, whereas in wt animals the response
amplitude returned to baseline during the stimulation period, in
L9�T mutants it persisted throughout the stimulation protocol.

To evaluate the changes in amplitude and time course of OHC
hyperpolarization upon MOC high-frequency stimulation, ex-
periments were performed in the current-clamp configuration
(Fig. 7E). Consistent with the kinetics of responses observed in
L9�T in the voltage-clamp configuration (Fig. 7A,C), L9�T ani-
mals showed a slower onset (wt: 0.0737 � 0.006 s, n � 6; L9�T:
0.125 � 0.0257 s, n � 5; p � 0.0476; Kolmogorov–Smirnov test)
and a persistent degree of hyperpolarization (right) when com-
pared with wt littermates (left), where the membrane resting po-
tential even flickered back to baseline during the stimulation
protocol.

MOC suppression of cochlear DPOAEs in L9�T mutants
Electrical stimulation of the MOC fibers leads to a reduction of
sound-evoked motion in the cochlea and to a decrease in audi-
tory nerve responses, indicating that the MOC system reduces the
gain of the cochlea through a direct inhibition of OHC function
(Guinan, 1996, 2006). Consistent with this notion, when OC
fibers are electrically stimulated at the floor of the IVth ventricle,
there is a significant reduction in the amplitude of DPOAEs
(Maison et al., 2007a). Previous work (Fig. 8, modified from
Taranda et al., 2009) assessed MOC function in vivo by measuring
DPOAEs suppression with a 70 s train (200 Hz) of shocks to the
OC bundle and found that in L9�T mice it was prolonged at a 22
kHz f2 primary frequency. In the present work, electrical shocks
(70 s, 200 Hz) were used on DPOAEs to further analyze the effect
at a 16 kHz primary frequency and to provide a detailed quanti-
fication of the kinetics of effects at two different f2 primary fre-
quencies (16 and 22 kHz) in wt and L9�T mice. This allowed the
comparison of these in vivo effects with the cochlear synaptic
changes observed ex vivo. As shown in Table 2 the maximal sup-
pressive effect with respect to the baseline was doubled both at 16

(wt vs L9�T, p � 0.0056) and 22 kHz (wt vs L9�T, p � 0.0302), was
reached much more slowly (16 kHz, wt: 5.3 � 1.0 s, L9�T: 30.8 �
4.1 s; p � 0.0161; 22 kHz, wt: 1.5 � 0.4 s, L9�T: 44.1 � 3.1 s, p �
0.000007) and persisted for a sixfold longer time after the shocks
for both 16 and 22 kHz in L9�T mice compared with their wt
littermates (16 kHz: wt vs L9�T, p � 0.00466; 22 kHz: wt vs L9�T,
p � 0.0018).

The decrease in onset and offset together with the increase in
maximal DPOAE suppressive effect of the MOC system in L9�T
mice is consistent with the slow onset and prolonged synaptic
MOC–OHC responses, reflected in longer latency and sustained
OHC hyperpolarization at high-frequency stimulation of the
MOC fibers.

Functional consequences of enhanced and sustained MOC
synaptic responses in IHCs
In the mature mammalian cochlea IHCs are mainly innervated
by afferent fibers. However, during postnatal development, be-
fore the onset of hearing, a transient efferent innervation is found
on IHCs even before OC fibers contact their final targets, the
OHCs (Simmons, 2002). This innervation, like that on mature
OHCs, is cholinergic, inhibitory and is mediated by �9�10
nAChRs functionally coupled to Ca 2�-activated SK2 K� chan-
nels (Glowatzki and Fuchs, 2000; Elgoyhen et al., 2001; Katz et al.,
2004; Roux et al., 2011). It has been postulated that activation of
MOC fibers during this critical developmental period regulates
the pattern and frequency of sensory independent, spontaneous
Ca 2� action potentials (Johnson et al., 2011; Sendin et al., 2014),
which drive activity in the immature auditory system, most likely
as a means to direct early stages of central synapse formation
(Kandler, 2004).

As illustrated in Figure 1B, IHCs from L9�T mice presented
significantly slower kinetics than those of their wt littermates
(Table 1, �rise and �decay values) thus leading to prolonged IPSCs
upon MOC stimulation. These might lead to altered patterns of
Ca 2� action potentials in response to MOC activity in L9�T mice.

Repetitive firing of Ca 2� action potentials in IHCs from P9 –
P11 mice were induced by depolarizing current injections of 50
pA to the IHCs held in the current-clamp configuration. These
excitatory stimuli to elicit action potentials in the IHCs were
combined with 5 and 10 Hz shocks to the MOC fibers innervating
the IHCs as previously described in rat IHCs (Goutman et al.,
2005). Figure 9A shows representative traces in one IHC from
either a wt (top, black traces) or a L9�T mouse (bottom, red
traces). Firing frequencies in the IHCs were computed before
(from 1.3 to 3.2 s), during (3.4 –5.4 s) and after (5.5– 8.5 s) stim-
ulation of the MOC fibers. As the control firing frequency was
very variable from cell to cell, both the effect of MOC activation
on this parameter and the recovery to control frequency after
shutting off MOC stimulation were computed in the same cell
and then averaged. The bar diagram in Figure 9B (top) shows that
upon stimulation of the MOC efferent fibers at 5 Hz, action po-
tential frequency was not significantly diminished with respect to
the control frequency in the IHCs from wt mice (control 5.9 �
1.2 spikes/s, stimulation 2.4 � 0.3 spikes/s, recovery 5.6 � 1.46
spikes/s, n � 6, P � 0.078; Kruskal–Wallis one-way ANOVA). At
a stimulation frequency of 10 Hz, in wt action potentials were
significantly diminished and the control frequency was immedi-
ately recovered at the end of the stimulation period (control
6.14 � 1.86 spikes/s, stimulation 0.2 � 0.2 spikes/s, recovery
5.6 � 1.2 spikes/s, n � 5, p � 0.003; Kruskal–Wallis one-way
ANOVA; Fig. 9B, top). In the L9�T mice, however, activation of
the MOC fibers at 5 Hz almost completely abolished action
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Figure 7. OHCs from L9�T mice exhibit slow and longer-lasting synaptic responses upon prolonged MOC stimulation at high frequency. A, Representative traces of responses in OHCs at 80 Hz 10 s
stimulation. B, Averaged amplitude of synaptic responses normalized to the maximal response of each train in each cell was plotted as a function of time; *p 	 0.05, **p 	 0.01, ***p 	 0.001,
two-way ANOVA repeated measures. C, The dotted-line square drawn in A is presented at an expanded time scale to show the time it took to obtain an evoked response after the first stimulus
(latency) in wt and L9�T MOC–OHC synapses. Arrows point to the first detectable current after the first shock (wt: black; L9�T: red). D, Latency of synaptic responses in wt and L9�T mice. The box plot
represents the median value (line) and the interquartile range (box), with maximum and minimum points indicated with error bars. The “�” symbol indicates the mean values of the datasets.
**p 	 0.01, Kolmogorov–Smirnov test. wt, n � 9 cells from nine different mice; L9�T n � 17 cells from 12 different mice. E, Representative traces of OHCs in the current-clamp configuration upon
80 Hz stimulation of the MOC efferent fibers. Note the slow onset and sustained hyperpolarization throughout the stimulation period in L9�T mice.
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potentials in the IHCs (control 8.2 � 2.1 spikes/s, stimulation
0.3 � 0.2 spikes/s, recovery 3.7 � 1.6 spikes/s, n � 6, p � 0.005;
Kruskal–Wallis one-way ANOVA), and recovery to control val-
ues was only partial (Fig. 9B, bottom, bar diagrams). At a stimu-
lation frequency of 10 Hz, action potentials were completely
abolished and this silencing was sustained even after the stimula-
tion shocks to the MOC fibers ceased. Recovery to the control
frequency was almost absent in four of five IHCs tested (control
15.2 � 6.4 spikes/s, stimulation 0.8 � 0.8 spikes/s, recovery 1.3 �
0.7 spikes/s, n � 6, p � 0.0009; Kruskal–Wallis one-way
ANOVA), reaching �45% of control only in one cell (Fig. 9A,
bottom right, B, bottom, bar diagram).

This enhanced inhibition of action potentials and lack of re-
covery after the end of MOC fiber stimulation at 10 Hz in L9�T
mice could be accounted for by a potentiated and sustained syn-
aptic transmission at the MOC–IHC synapse, as shown for the
MOC–OHC synapse (Fig. 5A). Responses of voltage-clamped
IHCs to 10-pulse trains of stimulation at 10 Hz to the MOC fibers
remained strongly potentiated after the end of the shocks (Fig.
9C). As shown in Figure 9D the total charge accumulated in the
IHC during the recording period was significantly larger in L9�T
mice (77.37 � 7.06 pC, n � 3) when compared with wt (15.81 �
3.16 pC, n � 5, p � 0.0357; Kolmogorov–Smirnov test). These
results can account for the stronger inhibition of action poten-
tials observed in the L9�T mice at lower frequencies (Fig. 9A,B).
In addition, the lack of recovery after the end of the stimulation
period in these mice (Fig. 9A,B, bottom), is consistent with the

persistence of potentiated evoked responses in IHCs even after
the end of the stimulation train (Fig. 9C).

Discussion
The present work shows that in mice with a mutation in the �9
nAChR subunit (Taranda et al., 2009) that confers much longer-
lasting channel openings (Plazas et al., 2005), sustained high-
frequency stimulation of MOC terminals to OHCs in an ex vivo
cochlear explant preparation leads to slow onset, enhanced and
prolonged evoked synaptic responses. At the in vivo physiological
level this is translated into a slow onset, enhancement, and per-
sistence of MOC efferent-mediated DPOAE suppression. This
demonstrates that MOC–OHC synapse kinetics is sufficient to
directly guide the dynamics of MOC feedback to the cochlea as
previously proposed (Ballestero et al., 2011). Moreover, it sug-
gests that pharmacological interventions which mimic the mod-
ifications produced by the �9 nAChR subunit mutation might
enhance MOC activity and therefore serve as a tool to enhance
MOC-mediated gain inhibition at the auditory periphery and
prevent acoustic trauma (Maison et al., 2007b; Taranda et al.,
2009).

The slower kinetics of evoked synaptic currents of L9�T mice,
with the consequent increase in the total charge accumulated,
most likely results from the nature of the point mutation intro-
duced in the channel pore of the �9 nAChR subunit (Plazas et al.,
2005). This produces a change in the �9�10 nAChR gating prop-
erties with an increase in the apparent mean open time and sta-
bilization of the open state of the mutant receptor at the single
channel level and a slow onset and decreased desensitization rate
of ACh-evoked currents (Plazas et al., 2005). Although the 70 s,
200 Hz shocks applied for the in vivo MOC stimulation could not
be reproduced in the ex vivo cochlear explant, since recordings in
the OHCs become very unstable, the prolonged and high-
frequency (10 s, 80 Hz) electrical stimulation of efferent termi-
nals to OHCs, exhibited similar changes in response profiles. The
observation that the magnitude of changes was more pro-
nounced in vivo than ex vivo, may derive from these differences in
stimulation parameters, together with the fact that synaptic re-
sponses were recorded from one OHC whereas DPOAEs arise as
electrical distortions in electromechanical transduction within
the inner ear, that are reverse-transduced into mechanical signals
and amplified by (multiple) OHCs (Lukashkin et al., 2002).
Moreover, and again due to experimental limitations of electro-
physiological recordings from OHCs, these were performed at
room temperature in the apical turn of the cochlea around hear-
ing onset, whereas DPOAEs were elicited at physiological tem-
perature, in 6-week-old mice and in the midbasal turn of the
cochlea (10 –20 kHz), a region with the highest density of MOC
innervation (Maison et al., 2003). Moreover, in addition to the
immediate effect of enhanced synaptic inhibition of OHC mem-
brane conductance seen in L9�T mutants, the prolonged Ca 2�

signals also contribute to increased DPOAE suppression. Thus, it
has been reported that prolonged application of ACh causes a
sustained increase in OHC length and a decrease in axial stiffness
attributed to cytoplasmic Ca 2� acting on the cytoskeleton (Dal-
los et al., 1997). In this regard, efferent suppression of compound
action potentials and enhancement of cochlear microphonic po-
tentials occurs over fast (50 –100 ms) and slow (25–50 s) time
courses both of which are attributed to signaling by cytoplasmic
calcium triggered by the same nAChR (Sridhar et al., 1995, 1997).
Finally, as observed in �9 knock-out mice (Clause et al., 2014),
some compensatory changes might occur in the central auditory

Figure 8. MOC-mediated DPOAE suppression is slowed, enhanced and prolonged in L9�T
mice. DPOAE amplitudes were measured before, during, and after a 70 s shock train to the
olivocochlear bundle. DPOAE amplitudes were normalized to the average pre-shock value and
then averaged across ears within a genotype. Data acquisition times were �1 s/point with an
f2 primary frequency at 22.6 kHz and primary levels adjusted to produce a DPOAE �15 dB above
the noise floor. (adapted from Taranda et al., 2009, their Fig. 8).

Table 2. MOC-mediated suppression (sup) of cochlear DPOAEs

16 kHz 22 kHz

wt (n � 5) L9�T (n � 4) wt (n � 3) L9�T (n � 7)

Max sup: effect vs
baseline, dB

�10.0 � 1.4 �18.4 � 1.2** �9.6 � 2.1 �20.4 � 1.7*

Reached within, s 5.3 � 1.0 30.8 � 4.1* 1.5 � 0.4 44.1 � 3.1***
Mean sup: effect

under shocks, dB
�4.2 � 1.5 �11.6 � 1.3* �1.4 � 1.2 �10.1 � 2.3*

Return to baseline
(after shocks off)

� 1 s 
 5 min � 1 s 
 5 min

*p 	 0.05, **p 	 0.01, ***p 	 0.001; two-tailed Kolmogorov–Smirnov test.
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pathway in L9�T mice caused by prolonged silencing of pre-
hearing IHCs Ca 2� action potentials.

Morphological changes in efferent innervation to OHCs have
been previously reported in L9�T and �9�10 nAChR mutant
mice (Vetter et al., 1999, 2007; Murthy et al., 2009a,b; Fuchs et al.,
2014). This resembles what has been described for other neuronal
nAChR-mediated synapses like the superior cervical ganglia,
where the genetic ablation of the �3 nAChR subunit, leads to
larger presynaptic terminals and clusters (Krishnaswamy and
Cooper, 2009). The present work shows that, in addition to

changes in presynaptic morphology, increased nAChR gating-
derived postsynaptic changes were also accompanied by physio-
logical modifications at the presynaptic level. The mechanisms
leading to these changes remain unknown. However, the in-
creased synaptic terminal volume might in part account for the
reduced quantum content of evoked release in L9�T mice as the
fixed amount of current reaching the MOC synaptic terminals
after an action potential would be less effective in depolarizing
the enlarged synaptic membranes. Therefore, Ca2� influx through
presynaptic voltage-gated Ca 2� channels would diminish, thus

Figure 9. Stimulation of the MOC efferent fibers causes a strong and persistent inhibition of Ca 2� action potentials in L9�T mice. A, Representative traces of action potential firing in one cell from
a wt (top, black) and in one cell from a L9�T (bottom, red) mouse. Efferent stimulation at 5 and 10 Hz (dotted lines indicate the onset and the end of the stimulation period) caused hyperpolarization
of the IHCs and diminished or suppressed firing. B, Bar graphs showing spike frequency in the IHCs at 5 and 10 Hz in both genotypes. Note that in L9�T mice, firing suppression is seen at 5 Hz and
recovery after the end of the stimulation period is not complete. At 10 Hz action potentials are suppressed in both genotypes, however, in the L9�T mice, almost no recovery is observed after the
stimulation period. ctrl, Control; stim, stimulation; rec, recovery. wt, n � 5 cells from three different animals; L9�T, n � 5 cells from four different mice. *p 	 0.05, **p 	 0.01; Kruskal–Wallis
one-way ANOVA. C, Representative averaged traces of 20 individual synaptic responses in IHCs from both wt (black, n � 4 from 4 different mice) and L9�T mice (red, n � 3 from 3 different mice)
upon a 10-pulse 10 Hz stimulation of the MOC fibers. Dotted lines indicate the beginning and the end of the stimulation period. D, Bar diagram depicting the total charge (Q) computed at the end
of the protocol for both genotypes, at 10 Hz. *p 	 0.05, Kolmogorov–Smirnov test.
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causing a reduction in the release probability. In addition, similar
to that proposed by Krishnaswamy and Cooper (2009), one could
also speculate that a retrograde signal might originate down-
stream of the strong postsynaptic activity that leads to increased
Ca 2� influx, and thus modify the presynaptic ACh release
machinery.

Synapses with low quantum content tend to facilitate upon
high-frequency stimulation (Fioravante and Regehr, 2011; Jack-
man and Regehr, 2017), as is the case of the efferent synapse to
turtle auditory hair cells (Art et al., 1984), rat neonatal IHCs
(Goutman et al., 2005), and mouse OHCs (Ballestero et al.,
2011). This was confirmed by the fact that when compared with
wild-type, in L9�T mutant mice the lower quantum content was
accompanied by a stronger synaptic facilitation. Although the
size of the readily releasable pool of vesicles is unknown, the
observation that efferent endings of both animals have a large
number of synaptic vesicles (Fuchs et al., 2014), suggests that
vesicle availability is not the limiting factor. Moreover, the fact
that release can be sustained at a very high stimulation frequency
further supports the latter conclusion. In addition to an increase
in presynaptic facilitation, the strengthening of transmission in
L9�T mice is most likely also accounted for by summation of
postsynaptic responses, as described for wt mice (Ballestero et al.,
2011), due to the longer decay times of the IPSCs which lead to
prolonged Ca 2� transients and the consequent sustained SK2
activity. Ca 2� transients could, in addition, be altered by the
enlarged cisternal volumes in L9�T mice OHCs (Fuchs et al.,
2014). Moreover, since Ca 2� transients are wider and decay with
a slower time course, the Ca 2� load might be probably higher and
therefore, SK2 channels could continue to be activated even after
the closure of the nAChR.

The observation that in the L9�T mice facilitation is preserved
and the probability of release increases in a frequency-dependent
manner indicates that, as observed in wt mice (Ballestero et al.,
2011), in mutant mice the MOC–OHC synapse still behaves as a
high pass filter (Atluri and Regehr, 1996; Jackman and Regehr,
2017), since it fails to transmit during low-frequency action po-
tentials but facilitates effectively during sustained firing. Thus, as
reported for several species, L9�T mice OHCs will ignore sponta-
neous or low-frequency MOC activity and scale inhibition of
OHCs (Galambos, 1956; Wiederhold and Kiang, 1970; Art and
Fettiplace, 1984; Brown and Nuttal, 1984; Gifford and Guinan,
1987) as a function of sound intensity (Robertson and Gummer,
1985; Liberman and Brown, 1986). The observation that com-
pared with wild-type, similar stimulation frequency produces en-
hanced MOC inhibition in L9�T mice, is in accordance with the
reported protection from permanent hearing threshold shifts
when exposed to loud sounds (Taranda et al., 2009). Although
very few drugs activate the �9�10 nAChR (Verbitsky et al., 2000),
compounds that mimic the effect of the L9�T mutation might
result beneficial in the search for compounds to prevent noise-
induced damage (Holley, 2005; Lynch and Kil, 2005; Elgoyhen et
al., 2009). Positive allosteric modulators of other nAChRs which
activate the receptor in the absence of the agonist and decrease
the desensitization rate (Wang and Lindstrom, 2017) might re-
sult useful as lead molecules for drug design.

The application of ACh (Glowatzki and Fuchs, 2000) or the
electrical stimulation of efferent terminals (Goutman et al., 2005)
results in hyperpolarization of IHCs and reduction in the frequency
of sensory-independent spontaneous Ca2� action potentials. These
spontaneous action potentials are present in developing IHCs (Kros
et al., 1998; Marcotti et al., 2003) and proposed to be required for
the maturation of the developing auditory pathway and the cor-

rect establishment of tonotopic maps (Brandt et al., 2003; Leao et
al., 2006; Erazo-Fischer et al., 2007). Although discrepancy still
exists regarding the nature of cholinergic modulation of action
potential firing (Tritsch et al., 2010; Johnson et al., 2011; Sendin
et al., 2014), recent findings show that the ablation of the cholin-
ergic efferent system leads to altered establishment of central au-
ditory synaptic connections (Clause et al., 2014) and hearing
deficits (Clause et al., 2017). In line with the prolonged synaptic
responses upon high-frequency MOC stimulation in IHCs of
L9�T mutant mice, a much enhanced and prolonged inhibition
of action potentials was observed at lower stimulation fre-
quencies compared with wt. Thus, the L9�T mouse arises as a
valuable tool to further analyze the participation of the spon-
taneous action potentials and efferent innervation in auditory
pathway development.
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Kros CJ, Ruppersberg JP, Rüsch A (1998) Expression of a potassium current
in inner hair cells during development of hearing in mice. Nature 394:
281–284. CrossRef Medline

Leao RN, Sun H, Svahn K, Berntson A, Youssoufian M, Paolini AG, Fyffe RE,
Walmsley B (2006) Topographic organization in the auditory brainstem
of juvenile mice is disrupted in congenital deafness. J Physiol 571:563–
578. CrossRef Medline

Liberman MC, Brown MC (1986) Physiology and anatomy of single olivo-
cochlear neurons in the cat. Hear Res 24:17–36. CrossRef Medline

Lioudyno M, Hiel H, Kong JH, Katz E, Waldman E, Parameshwaran-Iyer S,
Glowatzki E, Fuchs PA (2004) A “synaptoplasmic cistern” mediates
rapid inhibition of cochlear hair cells. J Neurosci 24:11160 –11164.
CrossRef Medline

Lukashkin AN, Lukashkina VA, Russell IJ (2002) One source for distortion
product otoacoustic emissions generated by low- and high-level prima-
ries. J Acoust Soc Am 111:2740 –2748. CrossRef Medline

Lynch ED, Kil J (2005) Compounds for the prevention and treatment of
noise-induced hearing loss. Drug Discov Today 10:1291–1298. CrossRef
Medline

Maison SF, Adams JC, Liberman MC (2003) Olivocochlear innervation in
the mouse: immunocytochemical maps, crossed versus uncrossed contri-
butions, and transmitter colocalization. J Comp Neurol 455:406 – 416.
CrossRef Medline

Maison SF, Parker LL, Young L, Adelman JP, Zuo J, Liberman MC (2007a)
Overexpression of SK2 channels enhances efferent suppression of co-
chlear responses without enhancing noise resistance. J Neurophysiol 97:
2930 –2936. CrossRef Medline

Maison SF, Vetter DE, Liberman MC (2007b) A novel effect of cochlear
efferents: in vivo response enhancement does not require alpha9 cholin-
ergic receptors. J Neurophysiol 97:3269 –3278. CrossRef Medline

Marcotti W, Johnson SL, Rusch A, Kros CJ (2003) Sodium and calcium
currents shape action potentials in immature mouse inner hair cells.
J Physiol 552:743–761. CrossRef Medline

Moglie MJ, Fuchs PA, Elgoyhen AB, Goutman JD (2018) Compartmental-
ization of antagonistic Ca 2� signals in developing cochlear hair cells. Proc
Natl Acad Sci U S A 115:E2095–E2104. CrossRef Medline

Murthy V, Taranda J, Elgoyhen AB, Vetter DE (2009a) Activity of nAChRs
containing �9 subunits modulates synapse stabilization via bidirectional
signaling programs. Dev Neurobiol 69:931–949. CrossRef Medline

Murthy V, Maison SF, Taranda J, Haque N, Bond CT, Elgoyhen AB, Adelman
JP, Liberman MC, Vetter DE (2009b) SK2 channels are required for
function and long-term survival of efferent synapses on mammalian outer
hair cells. Mol Cell Neurosci 40:39 – 49. CrossRef Medline
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